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Postsynaptic density (PSD) is a protein supramolecule
lying underneath the postsynaptic membrane of excit-
atory synapses and has been implicated to play important
roles in synaptic structure and function in mammalian
central nervous system. Here, PSDs were isolated from
two distinct regions of porcine brain, cerebral cortex and
cerebellum. SDS-PAGE and Western blotting analyses in-
dicated that cerebral and cerebellar PSDs consisted of a
similar set of proteins with noticeable differences in the
abundance of various proteins between these samples.
Subsequently, protein localization in these PSDs was an-
alyzed by using the Nano-Depth-Tagging method. This
method involved the use of three synthetic reagents, as
agarose beads whose surface was covalently linked with
a fluorescent, photoactivable, and cleavable chemical
crosslinker by spacers of varied lengths. After its applica-
tion was verified by using a synthetic complex consisting
of four layers of different proteins, the Nano-Depth-Tag-
ging method was used here to yield information concern-
ing the depth distribution of various proteins in the PSD.
The results indicated that in both cerebral and cerebellar
PSDs, glutamate receptors, actin, and actin binding pro-
teins resided in the peripheral regions within �10 nm deep
from the surface and that scaffold proteins, tubulin sub-
units, microtubule-binding proteins, and membrane cyto-
skeleton proteins found in mammalian erythrocytes re-
sided in the interiors deeper than 10 nm from the surface
in the PSD. Finally, by using the immunoabsorption
method, binding partner proteins of two proteins residing
in the interiors, PSD-95 and �-tubulin, and those of two
proteins residing in the peripheral regions, elongation fac-
tor-1� and calcium, calmodulin-dependent protein kinase
II � subunit, of cerebral and cerebellar PSDs were identi-
fied. Overall, the results indicate a striking similarity in
protein organization between the PSDs isolated from por-
cine cerebral cortex and cerebellum. A model of the mo-
lecular structure of the PSD has also been proposed
here. Molecular & Cellular Proteomics 10: 10.1074/mcp.
M110.007138, 1–20, 2011.

Postsynaptic density (PSD)1 is a disk-shaped protein com-
plex lying underneath the postsynaptic membrane and a land-
mark subcellular structure of most excitatory synapses in
mammalian central nervous system (1). Electron microscopic
studies have revealed that the PSD consists of globular and
filamentous components (1–4). The morphology and protein
composition of the PSD in neurons have been reported to
undergo development-and activity-dependent changes (5–
11). Accumulated evidence has suggested that the PSD plays
important roles in organizing the pre-and postsynaptic termi-
nals into an integrated structure, in clustering neurotransmit-
ter receptors to the postsynaptic sites, in signal transduction
across synapses, and in the plasticity of synaptic function and
structure (12–14).

Biochemical procedures have been developed to isolate
samples enriched in PSD from different brain tissues (15–17).
The isolated PSD exhibits a morphology closely resembling its
counterparts in neurons. However, in contrast to the plastic
nature of the PSD structure found in neurons, the biochemi-
cally isolated PSD appears to be firmly built and is resistant to
various treatments that usually lead to the dissociation of
other protein complexes (18). Biochemical analyses have re-
vealed that the PSD-enriched samples consist of hundreds of
proteins (19–26). More recently, the abundance of several
components in the PSD have been quantified by a variety of
techniques (27–30), and the phosphorylation and glycosyla-
tion states of PSD proteins have further been studied (31–34).

Compared with the protein constituents of the PSD, our
understanding about how this vast number of different pro-
teins is organized in the PSD is still limited. Proteomic analy-
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1 The abbreviations used are: PSD, postsynaptic density; NDT,
Nano-Depth-Tagging; CaMKII, calcium, calmodulin-dependent pro-
tein kinase II; cDHC, cytoplasmic dynein heavy chain; NMDA, N-
methyl-D-aspartate; AMPA, �-amino-3-hydroxy-5-methyl-4-isoxazole
propionate; SAED, sulfosuccinimidyl-2-(7-azido-4-methylcoumarin-3-
acetamido) -ethyl-1,3�-dithiopropionate; SDS, sodium dodecyl sul-
fate; PAGE, polyacrylamide gel electrophoresis; sulfo-NHS-SS-biotin,
sulfosuccinimidyl-2-[biotinamido] ethyl-1,3-dithiopropionate; DST,
disuccinimidyl tartarate; DMP, dimethyl pimelimidate dihydrochloride;
DADPA, diaminodipropylamine; sulfo-NHS acetate, sulfosuccinimidyl
acetate; sulfo-LC-SMPT, sulfosuccinimidyl 6-[�-methyl-�-(2-pyridyl-
dithio)toluamido]hexanoate; EDAC, 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide; AFM, atomic forced microscopy; SEM, scan-
ning electron microscopy.
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ses of proteins coimmunoprecipitated with various glutamate
receptors or PSD-95 have yielded information regarding the
potential interactions between various PSD proteins (35–38).
CaMKII (calcium, calmodulin-dependent protein kinase II) has
been proposed to assemble into tower-like structures in the
PSD (39). By means of quantitative immunogold electron mi-
croscopy, the distribution of several proteins, including sub-
units of AMPA and NMDA receptors, proteins associated to
NMDA receptors, CaMKII, ProSAP2, Mena, actin, and cortac-
tin, in the PSD has been reported (40, 41). A recent EM
tomography study (42) has indicated that the PSD consists of
vertically oriented filaments, probably containing PSD-95,
which interact with two other types of horizontally oriented
filaments also present in the PSD region. The majority of actin
molecules in the PSD have been proposed to stay in the
polymerized state (43). By using a solid-phase and chemical
crosslinking-based methodology (see below), the proteins lin-
ing the surface of the PSD have been identified (44). An earlier
study has indicated that the PSD isolated from dog cerebral
cortex differs from the PSD isolated from dog cerebellum in
protein composition, protein phosphorylation, and morphol-
ogy (17). Recently, a proteomic study has further delineated
the molecular heterogeneity between the PSDs isolated from
rat forebrain and cerebellum in a quantitative manner (29). It
still remains unclear whether the PSDs in different brain re-
gions share a similar protein organization or not.

The abovementioned solid-phase and chemical crosslink-
ing-based methodology, called Nano-Depth-Tagging (NDT),
has been developed for identifying proteins residing at differ-
ent depths from the surface of protein supramolecules. This
methodology involves the use of several synthetic reagents,
called NDT reagents. NDT reagents are agarose beads whose
surface is conjugated to SAED (sulfosuccinimidyl-2-(7-
azido-4-methylcoumarin-3-acetamido) -ethyl-1,3�-dithiopro-
pionate), a fluorescent, cleavable, and photoactivatable
chemical crosslinker (45), or to peptides of different lengths
with SAED moiety linked to their N termini (Fig. 1A). On
encountering a protein supramolecule like the PSD, the azido
groups (indicated by * in Fig. 1A) of SAED and of peptidyl-
SAED on bead surface would penetrate into the supramol-
ecule and, when irradiated with UV light, form covalent links
with proteins surrounding them (Fig. 1B). After removing non-
covalently bound proteins by washing with SDS-containing
solution, proteins covalently linked to beads could be subse-
quently collected from the beads by treatment with solution
containing SDS and �-mercaptoethanol (�-ME) that breaks
the disulfide bond (indicated by ** in Fig. 1A) in SAED. The
released proteins concurrently become fluorescent by acquir-
ing the coumarin fluorophore (in parentheses of Fig. 1A) from
the SAED. Because the functional azido groups on the SAED
of various NDT reagents are at different distances from the
surface of the bead (Fig. 1A), they could thus reach into and
interact with proteins residing at different depths in a supra-
molecule. Quantitative analyses of the abundance of various

proteins in the samples isolated from a supramolecule by
using different NDT reagents would provide information con-
cerning the depths at which these proteins reside in the
supramolecule. An NDT reagent, NDT1 (originally called as
NDT3.5), has been used to identify proteins lining the surface
of the PSD (44), and a second NDT reagent, NDT2 (originally
called as NDT7.0), has been found to be a useful tool to
identify proteins residing in regions within 7.2 nm deep from
the surface of the PSD (46). Here, we report the synthesis of
a third NDT reagent, called NDT3 (Fig. 1C). The distance
between the bead surface and the azido group at the end of
the peptidyl-SAED on the bead surface has been calculated
to be 10.84 nm. The capability of NDT3 of interacting with
proteins residing at such a depth in a supramolecule has first
been verified by using a synthetic protein complex with known
organization and structure. NDT1, NDT2, and NDT3 are used
together to study the localization of various proteins in the
PSD in a systematic fashion. In addition, interactions between
different constituent proteins of the PSD have also been stud-
ied by means of immunoabsorption. The PSD samples iso-
lated from the cerebral cortex and cerebellum of porcine brain
have been subject to the above analyses. The results indicate
that cerebral and cerebellar PSDs share a similar protein
organization, despite the differences in their protein compo-
sition. A model of the protein organization of the PSD has also
been proposed here.

MATERIALS AND METHODS

The monoclonal antibodies against JNK3 (05–893), actin
(MAB1501), EF1� (05–235), ankyrin (MAB1683), �-tubulin (MAB380),
�3-tubulin (MAB1637), AMPA receptor subunit GluR2 (MAB397),
kainate receptor subunits GluR6/7 (06–309), and the polyclonal anti-
bodies against nNOS (07–571), kalirin (07–122), spectrin (AB993),
calbindin (AB1778), microtubule-associated protein 2 (MAP2)
(AB5622), and NMDA receptor subunits NR1 (AB5044P) and NR2C
(AB1592P) were purchased from Millipore (Billerica, MA). The
monoclonal antibody against CaMKII� (sc-13141) and the poly-
clonal antibodies against CaMKII� (sc-1540), �-tubulin (sc-12462),
cDHC (sc-9115), PSD-95 (sc-8575), and AMPA receptor subunit
GluR1 (sc-7609) were purchased from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA). The monoclonal antibody against �-actinin (A7811)
was obtained from Sigma-Aldrich. The polyclonal antibodies against
protein 4.1 (NB100–68234) and homer 1 (NB600–671) were obtained
from Novus Biologicals (Littleton, CO). The polyclonal antibody
against synaptophysin (L129939) was obtained from Leica Microsys-
tems Inc. (Buffalo Grove, IL). The polyclonal antibodies against
HSC70 (GTX111150), cortactin (GTX100253), gelsolin (GTX101185),
tropomyosin (GTX113857), Erk2 (GTX113094), and SAP102
(GTX110289) were obtained from GeneTex (Irvine, CA). The Fab frag-
ment of anti-digoxigenin-POD antibody was purchased from Roche
(Mannheim, Germany). Mouse anti-idiotypic monoclonal antibody
was a generous gift from Dr. Chien-Chung Chang (Institute of Molec-
ular and Cellular Biology, National Tsing Hua University, Hsinchu,
Taiwan). Protein G-magnetic beads were obtained from BioLabs (Ip-
swich, MA). Protein G was purchased from Calbiochem (Darmstadt,
Germany). Sulfosuccinimidyl-2-[biotinamido] ethyl-1,3-dithiopropi-
onate (sulfo-NHS-SS-biotin), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide and disuccinimidy tartarate (DST) were obtained from
Pierce (Rockford, IL). Streptavidin (S4762), aldolase (A2714), catalase
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(C9322), ferritin (F4503), leupeptin (L2884), pepstatin A (P5318), ben-
zamidine (B6506), phenylmethanesulfonyl fluoride (P7626), iodoacet-
amide (I1149), 3-aminopropyl triethoxysilane (A3648), diethylamine
(D0806), dimethylformamide (40255), sodium deoxycholate (D6750),
and dimethyl pimelimidate dihydrochloride (DMP) (D8388) were pur-
chased from Sigma-Aldrich. Bovine serum albumin (BSA) was ob-
tained from Affymetrix, Inc. (Santa Clara, CA). Diaminodipropylamine
(DADPA)-agarose beads, sulfosuccinimidyl-2-(7-azido-4-methylcou-
marin-3-acetamido)-ethyl-1,3�-dithiopropionate (SAED), sulfosuccin-
imidyl acetate (sulfo-NHS acetate), and sulfosuccinimidyl 6-[�-meth-
yl-�-(2-pyridyldithio)toluamido]hexanoate (sulfo-LC-SMPT) were
obtained from Thermo (Rockford, IL). Triethanolamine (A15678) was
purchased from Alfa Aesar (Ward Hill, MA). Peptides and peptides
with Fmoc-protected N termini (purity� 95%) were ordered from
GeneScript (Piscataway, NJ).

Isolation of Cerebral and Cerebellar PSD—PSDs were isolated from
porcine cerebral cortex and cerebellum according to the procedures
reported previously (44). Briefly, fresh pig brains were obtained from
a local slaughterhouse. The cerebrum and cerebellum were isolated
from the pig brain, and white matter was removed surgically from the
cerebrum. The resultant brain tissue was homogenized in 6 volumes
of buffer A (0.32 M sucrose, 0.1 mM EDTA, 0.1 mM EGTA, and 1 mM

HEPES at pH 7.4) on ice by a Polytron blender. The homogenate was
subject to centrifugation at 4420 � g for 5 min, and the resultant
supernatant was taken out and saved on ice. The remaining pellet
was resuspended in 4 volumes of buffer A, subject to centrifugation
again at 4,420 � g for 5 min, and the resultant supernatant was added
to the previous one. The combined supernatants were then subject to
centrifugation at 38,900 � g for 45 min. The resultant pellet was
resuspended in 2 volumes of 2 mM Tris acetate at pH 8.0 and then
placed on the top of a layer of buffer B (1.2 M sucrose, 0.1 mM EDTA,
0.1 mM EGTA, and 1 mM HEPES at pH 7.4). After centrifugation at
245,000 � g for 50 min, the white material in the interface was
collected and placed on the top of a layer of buffer C (0.9 M sucrose,
0.1 mM EDTA, 0.1 mM EGTA, and 1 mM HEPES at pH 7.4). After
centrifugation at 245,000 � g for 50 min, the white material in the
resultant pellet was collected and homogenized in HEPES/Ca2�

buffer (50 mM CaCl2 and 2 mM HEPES at pH 7.4). After centrifugation
at 65,000 � g for 20 min, the pellet was homogenized in HEPES/Ca2�

buffer and subject to centrifugation at the same condition again, and
the resultant pellet was resuspended in an adequate amount of so-
lution consisting of 1 volume of HEPES/Ca2� buffer and 2 volumes of
a buffer containing 0.4% (v/v) Triton X-100 and 2 mM HEPES at pH
7.4, such that the final protein concentration was 2 mg/ml. The
resultant sample was subsequently placed on top of a layer of 1.0 M

sucrose buffer (1.0 M sucrose, 0.1 mM EDTA, 0.1 mM EGTA and 2.5
mM HEPES at pH 7.4) and subject to centrifugation at 85,000 � g for
1 h. The resultant pellet was resuspended in Tris acetate buffer
solution (50 mM Tris acetate, 0.1 mM EDTA and 0.1 mM EGTA at pH
7.4) and then subject to centrifugation at 50,000 � g for 30 min. After
repeating the washing step once more, the resultant pellet, containing
mainly the synaptic junction fraction, was diluted to a protein con-
centration of 4 mg/ml by solution B (50 mM CaCl2 and 6 mM Tris-HCl
at pH 8.1), mixed with an equal volume of solution C (0.32 M sucrose,
1% (v/v) Triton X-100 and 12 mM Tris-HCl at pH 8.1), incubated on ice
for 15 min and finally subject to centrifugation at 32,800 � g for 20
min. The resultant pellet was resuspended in solution B and placed on
the top of a step gradient consisting of 1.0, 1.5, and 2.0 M sucrose in
1 mM NaHCO3 at pH 8.1. After centrifugation at 200,000 � g for 2.5 h,
the white material band in the interface between the 1.5 and 2.0 M

sucrose layers was collected, mixed with an equal volume of solution
D (150 mM KCl and 1% (v/v) Triton X-100) and then subject to
centrifugation at 200,000 � g for 20 min. The resultant pellet was
resuspended in solution B containing 40% (v/v) glycerol and used as

the PSD sample in different experiments. Protease inhibitors, includ-
ing 1 �g/ml leupeptin, 1 �g/ml pepstatin A, 1 mM benzamidine, and
0.25 mM phenylmethylsulfonyl fluoride , were included in all solutions
used in the isolation process.

Chemical Syntheses of NDT1, NDT2, and NDT3 Reagents—The
NDT1 and NDT2 reagents were synthesized according to the proce-
dures reported earlier (44, 46). For the synthesis of NDT3 (Fig. 1C),
Fmoc-20-mer-peptide (Fmoc-(GSN)6RG, 97.8% purity) was first con-
jugated to DADPA beads by using CarboxyLinkTM Kit (Pierce). Thirty-
two mg of Fmoc-20-mer-peptide was mixed with 32 mg of 1-ethyl-
2-(2-dimethylaminopropyl)carbodiimide in 0.8 ml conjugation buffer
(25 mM MES at pH 6.0). Five minutes later, 0.8 ml of 50% (v/v) DADPA
beads that had been washed extensively with the conjugation buffer
was added to the reaction mixture. After incubation at room temper-
ature for 3 h, the beads were washed with conjugation buffer con-
taining 1 M NaCl. By fluorescamine test (47), it was calculated that
61.6 � 7.3% (n � 5) of the amino groups on the bead surface were
conjugated with the peptide. To block the residual un-reacted amino
groups on the bead surface, these beads were incubated with 10 mM

sulfo-NHS acetate in conjugation buffer at room temperature for 30
min, followed by extensive washing with conjugation buffer to remove
unreacted sulfo-NHS acetate. By fluorescamine test, it was deter-
mined that 6.0 � 1.6% (n � 3) of the amino groups originally present
on the DADPA beads still remained free at this stage. The peptides on
the beads were then deprotected (i.e. to remove the Fmoc) by incu-
bating with piperidine (final concentration of 20% (v/v)) at room tem-
perature for 20 min (48). The resulting beads were washed with
conjugation buffer five times and then with borate buffer (20 mM

sodium borate at pH 8.2) five times. Peptide-conjugated beads in
borate buffer (0.8 ml) were mixed with 20 �l SAED stock solution (50
mM in dimethylformamide) at room temperature in the dark, and
aliquots of 20 �l SAED stock solution were added to reaction mixture
5, 10, and 15 min later. After the final addition of SAED, the reaction
mixture was cooled to 4 °C, incubated in the dark for 1 h, and Tris
stock solution (1 M at pH 8.4) was added to the reaction mixture to a
final Tris concentration of 50 mM to block any unreacted SAED.
Unreacted SAED was removed from the beads by filtering the reac-
tion mixture through a sintered glass filter. By quantifying the SAED
released from the beads after the treatment with �-ME, it was deter-
mined that 29.8% of the amino groups originally present on the
DADPA beads were conjugated with 20-mer peptidyl SAED. The
length of the 20-mer peptide in NDT3 was estimated to be 7.27 nm,
according to the crystal structure of amino acids (49). The distances
between the terminal azido groups and the surface of agarose beads
of NDT3 was calculated to be 10.84 nm by using the RasMol Molec-
ular Visualization Software (Version 2.5, enhanced by the MultiCHEM
Facility, University of California, Berkeley, CA) (Fig. 1A).

Chemical Synthesis and Application of a Four-layered Protein
Complex (FPC) on Glass Coverslip—For the synthesis of FPC (Fig.
2A), glass coverslips (18 mm � 18 mm, #1 thickness; Matsunami
Glass Ind., Ltd., Kishiwada City, Osaka, Japan) were cleaned by
immersion in piranha solution (70:30 (v/v) a mixture of concentrated
H2SO4 to H2O2) overnight at room temperature. The coverslips were
washed thoroughly with distilled water for 12 h and then dried in air.
Each air-dried coverslip was treated with 1 ml of 2% 3-aminopropyl
triethoxysilane in 95% ethanol for 45 min at room temperature ac-
cording to the procedure of Matsuzawa (50). Subsequently, the cov-
erslips were washed twice with 100% ethanol for 1 min each and then
baked in an oven at 115 °C for 1 h. After cooling to room temperature,
the coverslips were washed several times with 95% ethanol and then
with water. The resulting amine-modified coverslips were incubated
with 0.2 mM sulfo-LC-SMPT (sulfosuccinimidyl 6-[�-methyl-�-(2-pyri-
dyldithio)toluamido]hexanoate) in phosphate-buffered saline (PBS) at
room temperature for 1.5 h. The reaction was stopped by adding 50
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mM Tris-HCl (pH 8.0). The coverslips were washed several times with
PBS (0.1 M sodium phosphate and 0.15 M NaCl at pH 7.2) to remove
any uncoupled sulfo-LC-SMPT and then incubated with protein G (1
mg/ml in PBS containing 10 mM EDTA) for 12 h at 4 °C. After being
washed twice with the PBS-EDTA solution, the coverslips were fur-
ther washed with Tris-buffered saline (TBS) (20 mM Tris-HCl and 50
mM NaCl at pH 7.4) and then incubated with the mouse monoclonal
anti-actin antibody (1:200 in TBS) for 1 h at room temperature. After
being washed 3 times with TBS for 5 min each, the coverslips were
incubated with biotinylated actin (1 mg/ml in TBS) for 1 h at room
temperature. Biotinylated actin was generated by incubating sulfo-
NHS-SS-biotin and actin, purified from porcine skeletal muscles ac-
cording to the procedure of Pardee (51), at the ratio of 10:1 (mol/mol)
for 1 h at 4 °C. After being washed three times with TBS for 5 min
each, the coverslips were then incubated with streptavidin (1 mg/ml in
TBS) for 1 h at room temperature, followed by washing three times
with TBS for 5 min each. To analyze the composition of the proteins
on the coverslips, each coverslip was covered with 100 �l of a
solution containing 3% (w/v) SDS, 10% (v/v) glycerol, 125 mM Tris-
HCl at pH 6.8, and 5% (v/v) �-mercaptoethanol (ME). Ten minutes
later, the solution was collected and then subject to SDS-PAGE
analysis. To determine the thickness of the protein layers on the
coverslips, coverslips containing the bottom single protein layer, the
bottom two protein layers, the bottom three protein layers, and all four
protein layers were treated with 0.5 mM DST at room temperature for
30 min. After washing with water and air-dried, linear cuts were made
by a steel surgical blade (#10, Feather Safety Razor Co., Ltd., Kita-ku,
Osaka, Japan) on the surface of these glass coverslips. Cuts were
also made on the surface of coverslips containing the sulfo-LC-SMPT
layer. The depths of the cuts on glass coverslips were then measured
by an Atomic Forced Microscope (AFM) (NS3a controller with D3100
stage, Digital Instruments, Santa Barbara, CA, USA) and analyzed by
NanoScope (version 5.12r5 software, Digital Instruments).

To validate the applicability of NDT reagents, each of the coverslips
containing FPC was covered with 40 �l NDT beads and 360 �l PBS.
After being irradiated with UV light (365 nm wavelength, TLW-20
transilluminator, UVP Inc., Upland, CA) at a distance of 1 cm for 10
min, SDS (10% (w/v)), glycerol and Tris stock solution (2 M at pH 6.8)
at final concentrations of 3% (w/v), 10% (v/v), and 125 mM, respec-
tively, were added. Beads were then collected by filtration and
washed extensively by the same solution. Finally, the beads were
incubated with the same solution containing �-ME (5%) in a boiling
water bath for 5 min. The samples collected from the beads were
subject to SDS-PAGE analysis.

Application of NDT1, NDT2, and NDT3 to Study the Localization of
Various Proteins in the PSD—NDT1, NDT2, or NDT3 beads (0.4 ml,
50% (v/v)) in PBS containing 1 mM iodoacetamide were incubated
with PSD (2 mg of protein in 6 mM Tris-HCl at pH 8.1, 50 �M CaCl2,
40% (v/v) glycerol, and 2 mM iodoacetamide) at 4 °C in the dark with
gentle mixing. Two minutes later, the samples were placed on ice and
irradiated with u.v. light for 10 min. After the photolytic reaction,
Tris-HCl (2 M at pH 6.8) and SDS (10%) were added to the samples at
the final concentration of 125 mM and 3%, respectively. The samples
were heated in a boiling water bath for 5 min. The beads were
collected by filtration and washed repeatedly with a solution contain-
ing 3% (w/v) SDS, 10% (v/v) glycerol, and 125 mM Tris-HCl at pH 6.8.
Finally, the beads were resuspended in a solution containing 3% (w/v)
SDS, 10% (v/v) glycerol, 125 mM Tris-HCl at pH 6.8 and 5% (v/v)
�-ME and heated in a boiling water bath for 5 min. After removing the
beads by filtration, the filtrates were subjected to SDS-PAGE and
quantitative Western blotting analyses.

Chemical Syntheses and Application of 10-mer Peptidyl-SAED and
20-mer Peptidyl-SAED—Samples containing 1 mg of 10-mer peptide
((GSN)3G, 95.3% purity) or 2 mg of 20-mer peptide ((GSN)6RG, 95.4%

purity) in 0.1 ml of a borate buffer (50 mM sodium borate at pH 8.4)
were mixed with 25 �l SAED stock solution (25 mM in dimethylforma-
mide) at room temperature. Aliquots of 25 �l SAED stock solution
were added to the reaction mixture 5, 10, and 15 min later. After the
final addition of SAED, the reaction mixture was incubated at 4 °C for
1 h and then clarified by centrifugation at 16,000 � g for 30 min. All
of the procedures described above were performed in the dark. The
resultant supernatants were subject to high-performance liquid chro-
matography separation with a gradient between 0–50% acetonitrile
(Waters 2796 Bioseparations Module equipped with a Waters Atlantis
dC18 column) while monitoring the fluorescence (�ex � 355 nm and
�em � 460 nm) by VICTOR3 Multilabel Readers (PerkinElmer Inc.
Waltham, MA). The collected fractions were further subject to analysis
with an electrospray ionization quadrupole-time-of-flight (ESI Q-TOF)
mass spectrometer (Waters Corporation, Milford, Massachusetts;
Mass Spectrometry Center of NTHU). The fractions containing 10-
mer peptidyl-SAED and 20-mer peptidyl-SAED, as species of m/z
1254 and m/z 2183 respectively, were collected and lyophilized. The
resultant powder was dissolved in PBS and incubated with 200 �g
PSD. After gentle mixing for 5 min, the reaction mixture was subject
to UV irradiation for 10 min on ice, treated with 5% (v/v) �-ME in a
boiling water bath for 5 min and finally subject to SDS-PAGE analysis
with 8.5% polyacrylamide gels. The fluorescence photographs of the
gels containing the peptidyl-SAED-treated proteins were taken on top
of a transilluminator (365 nm) through a 435 nm cutoff filter (CVI Laser
Corp., Albuquerque, NM) after the gels were washed four times with
10% (v/v) acetic acid each for 15 min. Gels were subsequently stained
by Coomassie blue.

Quantitative Analysis of the Interactions Between NDT Reagents
and FPC—When NDT beads with different spacers’ lengths encoun-
tered the FPC, the interactions between the former’s azido groups
and the latter’s proteins could occur in different fashions. These
interactions were assumed to occur in three modes. The first mode is
that the farthest depth to which the azido groups could reach was in
the first layer region of FPC (Fig. 3A and top row panels of Fig. 3B),
and the abundance of the first layer protein in the sample isolated by
the NDT in such a reaction mode would be 100%. In the second mode
where the farthest depth was in the second layer region (middle row
panels of Fig. 3B), because of the curved nature of the bead surface
both the proteins in the top and second layers could interact with
azido groups occupying different regions of bead surface and thus
be isolated. The amounts of the top and second layer proteins
interacting with the crosslinkers were assumed to be proportional
to the amounts of azido groups residing in the regions occupied
respectively by these two layers of proteins. These latter values
could be calculated as the areas of the spherical bead surface
crossing these regions and were found to be equal. Thus, the
abundances of the top and second layer proteins in the sample
isolated by NDT in such an interaction mode would be 50% each.
In the third mode where the farthest depth of NDT’s azido was in the
third layer region (bottom row panel of Fig. 3B), the relative areas of
bead surface crossing the top, second, and third layer regions were
calculated to be 33.0/33.8/33.2. Therefore, the abundances of the
top, second, and third layer proteins in the sample isolated by NDT
in such an interaction mode would be 33.0%, 33.8%, and 33.2%,
respectively. When the abundances of different layer proteins in a
NDT-isolated sample were known, the proportions of this NDT
reagent in different modes during photolysis whereas encountering
FPC could be calculated by the following simplified equations: P1 �
1-P2-P3; P2 � 2�A2-2�A3; P3 � 3�A3, where P1, P2, and P3 were
the proportions of the NDT beads interacting with FPC in the first,
second and third modes, respectively, and A1, A2, and A3 were the
abundances of the first, second and third layer proteins respec-
tively in the sample isolated by the NDT reagents.
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Immunoabsorption of PSD Proteins—Antibodies against various
PSD proteins were covalently immobilized on protein G-magnetic
beads according to the methods published earlier with some modifi-
cations (52, 53). One hundred �l of protein G-magnetic beads (50%
v/v) was washed three times with Dulbecco’s phosphate buffered
saline (D-PBS) containing 8 mM Na2HPO4, 2 mM K2HPO4, 140 mM

NaCl, and 10 mM KCl at pH 7.4. Antibody (15 �g) in 100 �l D-PBS was
then added to the washed beads. After incubation at room temper-
ature for 1 h, the beads were washed with 375 �l cross-linking buffer
(0.2 M triethanolamine at pH 8.2) once and incubated with 375 �l
cross-linking buffer containing 25 mM DMP at room temperature for
30 min. The resultant antibody-conjugated beads were washed with
375 �l low pH elution buffer (0.1 M glycine-HCl at pH 2.5) to remove
antibodies not covalently linked to the beads.

Immunoabsorption of the PSD proteins was performed according
to the procedures reported earlier (54) with some modifications. The
PSD was first incubated with a solution containing 7 M urea and 2 M

thiourea at room temperature for 20 min. SDS and Nonidet P-40 were
subsequently added to the solution to the final concentrations of
0.1% (w/v) and 0.5% (v/v), respectively. After incubation at room
temperature for 3 min, the sample was dialyzed against the RIA
solution (0.5% (v/v) Nonidet P-40, 0.1% (w/v) SDS, 200 mM NaCl, 10
mM EDTA, 1 �g/ml leupeptin, 1 �g/ml pepstatin, 1 mM benazmidine,
0.25 mM phenylmethylsulfonyl fluoride , 2 mM iodoacetamide, and 10
mM sodium phosphate at pH 6.3) at 4 °C overnight with three changes
of the dialyzing solution. The resulting PSD sample (henceforth called
uuPSD) was first adjusted to a protein concentration of 1 mg/ml,
precleared twice for 30 min each by incubating with 1/8 volume of
protein G-magnetic beads that had been washed with the high-pH
elution solution (50 mM diethylamine and 0.5% (w/v) sodium deoxy-
cholate at pH 11.5) and then washed with the RIA solution three times
for 1 min each at room temperature. The precleared uuPSD sample
was incubated with the abovementioned antibody-conjugated protein
G-magnetic beads at 4 °C overnight. The beads were then collected
by the aid of a magnet and washed six times with 200 �l RIA solution
for 1 min each. Finally, proteins immunoabsorbed to the magnetic
beads were released twice by incubating with 100 �l high-pH elution
solution for 2 min each. The collected samples were neutralized
immediately by adding 1/10 volume of 0.5 M NaH2PO4.

SDS-PAGE, Western Blotting and Sucrose-Density-Gradient Cen-
trifugation—SDS-PAGE analysis was carried out according to the
procedure of Laemmli (55) by using a minigel apparatus (Mini-Protean
3; Bio-Rad Laboratories Inc., Hercules, CA). Western blotting was
performed as described previously (56). Proteins in the gel were
visualized by silver (57) or Coomassie-blue staining method. The
relative intensities of silver-stained or immunostained bands were
quantified by the UN-SCAN-IT Gel Automated Digitizing System (Silk
Scientific Inc., Orem, Utah). Sucrose-density-gradient centrifugation
analyses were performed by the procedures described earlier (54).
Briefly, samples (0.5 ml) were loaded onto 0–70% or 0–30% (m/v)
sucrose gradients, and the gradients were centrifuged at 200,000 � g
at 4 °C for 1 h in a SW-41 rotor (Beckman Instruments, Palo Alto, CA).
Fractions of 1 ml were collected from the bottom of the gradients.
Aliquots of 200 �l were removed from the collected fractions, con-
centrated by using the choloform/methanol method and subject to
SDS-PAGE analysis using 9% polyacrylamide gel. Proteins on the
resultant gels were either visualized by silver-staining or electrotrans-
ferred to polyvinylidene difluoride membrane for Western blotting
analysis.

Scanning Electron Microscopy—Cerebellar PSD sample (0.06 mg
of protein/ml in 5 mM Tris-HCl at pH 7.2) was dropped onto the
surface of 18 mm � 18 mm glass coverslips. After removing the
excessive liquid by blotting with filter paper, the coverslip was air-
dried, coated with platinum by an ion coater (E-1030; Hitachi, Tokyo,

Japan), and examined under a scanning electron microscope (Hitachi,
Model S-4700). All data were collected at a magnification of 30,000.
The areas of the PSDs in EM micrographs were determined by the
image quantification software ImageJ 1.44P (National Institutes of
Health, Washington, DC)). The diameter of a PSD was calculated from
its area by assuming that the PSD was circular in shape.

RESULTS

Synthesis of NDT3 and Four-layered Protein Complex—The
synthesis and application of NDT3 were described in the
Materials and Methods section (Figs. 1B and 1C). To verify
that the azido group of the SAED of this reagent could indeed
reach and form covalent links with proteins residing at a depth
similar to its peptidyl spacer’s length, 10.84 nm, in a supra-
molecule, a protein complex with known organization and
structure was synthesized and used as a model. The synthetic
complex, which was termed as the four-layered protein com-
plex (FPC), was made on the surface of glass coverslip. It
consisted of four layers of proteins: protein G, anti-actin an-
tibody, biotinylated actin, and streptavidin, from bottom to top
(Fig. 2A). The protein composition of this model complex was
confirmed by SDS-PAGE analyses of the samples collected
from the FPC and of the samples collected as the intermedi-
ates obtained during the synthetic process, i.e. the complex
containing the protein of the bottom layer, the complex con-
taining the proteins of the bottom two layers, and the complex
containing the proteins of the bottom three layers (data not
shown). The thicknesses of these intermediates and complete
FPC were determined by AFM (Figs. 2B). The depths for the
sulfo-LC-SMPT layer, the bottom layer, the bottom two layers,
the bottom three layers and the complete FPC were 1.34 �

0.60 (n � 9), 3.73 � 0.28 (n � 9), 7.41 � 0.42 (n � 4), 11.02 �

0.79 (n � 4), and 14.71 � 0.26 nm (n � 6), respectively. Based
on these data, the thickness of each protein layer, from top to
bottom, were calculated to be 3.69 � 0.83, 3.61 � 0.89,
3.68 � 0.50, and 2.39 � 0.66 nm. Therefore, the thicknesses
of the top layer, top two layers, top three layers, and all four
layers were calculated to be 3.69 � 0.83, 7.30 � 1.22,
10.99 � 1.32, and 13.37 � 1.48 nm, respectively (Fig. 2C).
The results indicated that each of these layers consisted of a
sheet of proteins with a diameter similar to that of globular
proteins with sizes between 30 and 60 kDa.

Interactions Between NDT Reagents and the FPC—NDT3,
along with NDT1 and NDT2, were then used to interact with
the FPC by the procedure depicted in Fig. 1B. SDS-PAGE
analysis indicated that the samples isolated from the FPC by
using NDT1, NDT2, and NDT3 contained the proteins of the
top-most layer (streptavidin), the proteins of the top two layers
(streptavidin and biotinylated actin) and the proteins of the top
three layers (streptavidin, biotinylated actin, and anti-actin
IgG) of the FPC, respectively (Fig. 2D, lanes indicated by S).
When the same SDS-gel was examined under UV light, these
protein bands were fluorescent (Fig. 2D, lanes indicated by F),
indicating the transferring of the coumarin fluorophore from
the SAED on NDT reagents to these proteins when the disul-
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fide bond of SAED was reduced (Fig. 1B). These results were
consistent with our earlier findings that NDT1 and NDT2 could
interact with proteins lining the surface and with proteins
residing within 8.0 nm deep from the surface in a protein
complex, respectively (44, 46). The results also indicated that
the azido group of NDT3 could indeed penetrate into a region

between 7.30 and 10.99 nm deep in a protein complex and
form covalent links with proteins residing in this depth range.

The abundances of proteins residing at different layers of
the FPC in different NDT-isolated samples were further used
to gain insights regarding the proportions of NDT reagents
with their azido groups positioning in different layer regions of

FIG. 1. Chemical structures, application and syntheses of NDT reagents. A, Chemical structures of NDT1, NDT2, and NDT3. The
functional azido group and cleavable disulfide bond are indicated by symbols * and **, respectively. The fluorophore, 4-methylcoumarin, is in
parentheses. B, The application of NDT reagents for isolating proteins residing at different depths of the PSD. NDT reagents are incubated with
the PSD. The reaction mixtures are subject to UV irradiation to activate the azido groups of these reagents, thereby resulting in the formation
of covalent links between the reagents and proteins surrounding the azido groups. The beads are first washed with a SDS-containing solution
to remove non-covalently bound proteins and subsequently with a solution containing both SDS and �-ME to release those proteins covalently
linked to the beads for further analyses. C, Synthesis of NDT3. The chemical structures of sulfo-SAED, synthetic Fmoc- 20-mer peptide and
DADPA agarose bead used in the synthesis are also shown.
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the FPC when the photoactivated crosslinking reaction took
place. Because of the hindrance of the agarose bead, the azido
groups on the surface of NDT1 could only reach in the top layer
region of FPC (Fig. 3A), and the abundance of the top layer
protein in the NDT1-isolated sample from FPC was expected
to be 100%. On the other hand, there were at least three
modes that could occur when a NDT3 bead encountered FPC
where the farthest depth region the azido groups could reach
was in the first, second and third layers (Fig. 3B). By analogy,
when a NDT2 bead encountered the FPC, there were two
modes that could occur where the farthest depth region the
azido groups could reach was in the first and second layers
(not shown). When the abundances of the proteins of the

different FPC layers in NDT-isolated samples were obtained
experimentally (Fig. 2D), the proportions of NDT reagents that
interacted with FPC in different modes during the photolytic
reaction could be calculated (Fig. 3E, by equations in the
Material and Method section). The results indicated that dur-
ing the photolytic reaction, the azido groups of NDT1 reagent
could only penetrate into the top layer protein region. For
NDT2, 23.6 and 76.4% of these beads would have their azido
groups penetrate as far as to the first and second layer protein
regions, respectively. For NDT3, 14.5, 8.8, and 76.6% of these
beads would have their azido groups penetrate as far as to the
first, second, and third layer protein regions, respectively. It
was thus concluded that the majority (�76%) of the NDT

FIG. 2. Synthesis of four-layer protein complex (FPC) and the use of FPC in validating the applicability of NDT reagents. A, Synthesis
of FPC on the surface of glass coverslip. B, Upper panels: Atomic Forced Microscopic (AFM) images of scratches made on coverslips coated
with sulfo-LC-SMPT, with protein G (1 layer), with protein G/anti-actin antibody (2 layers), with protein G/anti-actin antibody/biotinylated actin
(3 layers), and with protein G/anti-actin antibody/biotinylated actin/streptavidin (4 layers). The height signals are indicated by a gray-colored
gradient on the right. Lower panels: Quantification of the depths of the scratches made on the above samples. The broken lines indicate the
positions inside the scratches. C, Depth ranges of the four protein layers on the surface of glass coverslip in FPC as determined by AFM. Also
indicated are the depths at which the azido groups on the SAED moieties of NDT reagents, as indicated by arrows, can reach in the FPC.
D, SDS-PAGE analysis of the proteins in the samples isolated from FPC by using NDT reagents. The resultant polyacrylamide gels were
examined on top of a UV illuminator (lanes F) and visualized by silver staining (lanes S). Molecular weight markers are shown to the left.
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reagents could have their azido groups penetrate to depths
similar to their spacers’ lengths when interacting with FPC.

Characterization of Cerebral and Cerebellar PSDs—The di-
ameter and thickness of cerebral PSDs were have been cal-
culated to be 265.3 nm and 41 nm, respectively, in a previ-
ously study (44). The thickness of cerebellar PSD has been
reported to be 33 nm (17). By means of scanning electron
microscopy, the diameter of cerebellar PSD was determined
here to be 248.2 � 72.7 nm (mean � S.D., n � 328) (Fig. 4A).
SDS-PAGE analyses indicated that cerebral and cerebellar
PSD samples consisted of a similar set of proteins (lanes 2
and 4 of the left panel of Fig. 4B). However, the abundance of
various proteins in these two samples differed. Consistent
with the findings of an earlier comparative study of PSD
samples isolated from dog cerebral cortex and cerebellum,
the content of a 51 kDa protein band, previously called the
“major PSD protein” (15) that was identified later as the
�-subunit of calcium, calmodulin-dependent protein kinase II
(CaMKII�) (58), in the cerebral PSD sample was much higher
than its counterpart in cerebellar PSD. Western blotting anal-
yses indicated that CaMKII� and CaMKII� were enriched in
cerebral and cerebellar PSD compared with the homogenates
of these brain regions, respectively. However, the abun-
dances of CaMKII� and CaMKII� in cerebral PSD were much
higher than those in cerebellar PSD, respectively (right panel
of Fig. 4B). The cerebellar homogenate was enriched with
calbindin, a protein marker of cerebellar Purkinje cells (59).
Both cerebral and cerebellar PSD samples were enriched with
proteins known to reside at postsynaptic terminals, including
various subtypes of glutamate receptors and PSD95. In ad-
dition, �-tubulin, EF1�, protein 4.1, kalirin, and tropomyosin
were also enriched in cerebral and cerebellar PSD samples.
On the other hand, cerebral and cerebellar PSD samples
contained very low levels of synaptophysin, a presynaptic
marker. Both cerebral and cerebellar PSD samples contained
actin at levels similar to those of cerebral and cerebellar
homogenates. Cerebral PSD was found to contain ankyrin
and spectrin at levels similar to those found in cerebral ho-
mogenates, whereas these proteins were enriched in the cer-
ebellar PSD sample when compared with cerebellar homoge-
nates. Homer 1 was enriched in cerebral PSD and, however,
undetected in cerebellar homogenates or cerebellar PSD. The
results thus indicated that the cerebral and cerebellar PSD

FIG. 3. Modes of interaction of NDT reagents with FPC and PSD.
A, The interaction between NDT1 and FPC. The NDT1 is depicted as
a sphere sitting on top of FPC, as four consecutive planar layers in
different shades. The portion enclosed by the circle is shown at higher
magnification to the right. Position 1 indicates the region of NDT1
surface where the azido group of SAED ([GRAPHIC]) reaches far-
thest, 3.44 nm, in FPC. Positions 2 and 3 indicate respectively the
regions 537 nm and 770 nm horizontally away from the position 1 on
the bead surface. B, Three modes of interaction between NDT3 and
FPC. Top, middle, and bottom rows: The interaction mode that the
farthest depth where azido group of the 20-mer peptidyl-SAED
([GRAPHIC]) penetrates is in the first, second, and third protein layer
region, respectively. In each of these interaction modes, position 1
indicates the region of the bead where the azido groups reach farthest
into the FPC, and positions 2 and 3 respectively indicate the azido
groups in areas 537 nm and 770 nm horizontally away from position
1 on the bead surface. C, The interaction between NDT2 and PSD.
Bottom panel: The azido groups in the center region of NDT2 reach
into the PSD structure, depicted as a multilayered structure of 265.3
nm wide at the bottom, to a depth similar to its spacer’s length, 7.2
nm. Top panels: Enlarged views of the azido groups in the center

region (position 1) and azido groups in areas on the bead surface 133
nm horizontally away from position 1 (position 2). The difference in the
depths where the azido groups in regions depicted in positions 1 and
2 reside has been calculated to be 0.22 nm. D, Quantification of the
abundances of the proteins in different layers of the FPC in the
NDT1-, NDT2-, and NDT3-isolated samples from the densitometric
scans of the gels (Fig. 2D). Data are the means �S.D. from three
independent experiments. E, The proportions of NDT beads in differ-
ent interaction modes with FPC during the UV-activated crosslinking
reaction as calculated by the equations described in Materials and
Methods.
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FIG. 4. Characterization of PSD and of the interactions between PSD and NDT reagents. A, Scanning electron microscopic examination
of cerebellar PSD. Left and middle panels: images of cerebellar PSD. Scale bars: 100 nm. Right panel: histogram of the diameters of cerebellar
PSDs. Diameters are calculated from circles with areas equivalent to the sizes of the PSD as determined from scanning electron micrographs.
The average diameter of cerebellar PSD is 248.2 � 72.7 nm (mean � S.D., n � 328). B, Biochemical analyses of cerebral and cerebellar PSDs.
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samples consisted of a similar set of proteins with abundance
differences of many proteins between these two samples.

Free Crosslinkers of NDT Reagents Could Interact with Var-
ious PSD Proteins Nondiscriminatively—A prerequisite for the
applicability of NDT reagents to probe the depths of various
protein components in the PSD was that the cross-linker parts
of NDT (i.e. the SAED of NDT1 and the peptide-SAED conju-
gates of NDT2 and NDT3), when not bound to agarose beads,
could penetrate freely into different regions of the PSD struc-
ture and interact equally well with various PSD proteins.
SAED, the crosslinker part of NDT1, has already been dem-
onstrated to meet this prerequisite. To test if 10-mer and
20-mer peptidyl-SAEDs, the crosslinker parts of NDT2 and
NDT3, respectively, could also do so, these crosslinkers were
synthesized and incubated with cerebral PSD. After UV irra-
diation, the resultant samples were subject to SDS-PAGE
analyses. It was found that the intensities of the various bands
in Coomassie-blue-stained gel (lanes labeled by C in Fig. 4C)
exhibited a linear correlation (right panels in Fig. 4C) with their
fluorescence intensities in the fluorography (lanes labeled by F
in Fig. 4C). The results indicated that both 10-mer and 20-mer
peptidyl-SAEDs could interact with various proteins in the
PSD in a nondiscriminative fashion.

Studying the Protein Distribution in Cerebral and Cerebellar
PSDs—NDT1, NDT2, and NDT3 reagents were used to inter-
act with the PSD samples isolated from cerebral cortex and
cerebellum according to the procedure as depicted in Fig. 1B.
The protein amounts of the samples isolated from cerebral
PSD by using NDT1, NDT2, and NDT3 were 2.8 � 0.67%,
1.02 � 0.2%, and 0.81 � 0.04% (mean � S.D., n � 3),
respectively, of the protein amount of the PSD used for iso-
lation. The protein amounts of the NDT1-, NDT2-, and NDT3-
isolated samples from cerebellar PSD were 1.54 � 0.09%,
0.79 � 0.19%, and 0.47 � 0.12% (mean � S.D., n � 3),
respectively, of the protein amount of the PSD used for iso-
lation. The PSD and NDT-isolated samples were subject to
SDS-PAGE analyses. After silver-staining, densitometric
scans of the resultant gels indicated that the concentrations
of many proteins in the NDT-isolated samples were different

from those of their counterparts in the original PSD samples
(Fig. 4D). Equal amounts of NDT-isolated and original PSD
proteins were subsequently subject to Western blotting anal-
ysis with commercially available antibodies to various PSD
proteins. Out of the 42 antibodies originally used, 30 were
chosen (top panels of Figs. 5A and 5B) for this study because
each of these antibodies resulted in a prominent immuno-
stained band with a size matching that of the antibody’s
antigen in Western blotting analyses of these samples. The
intensities of the immunostained bands in the resultant blots
were quantified. The abundance ratio (AR) was the ratio of the
intensity of an immunostained band of the sample isolated by
using a NDT reagent to the intensity of its counterpart in the
original PSD sample (bottom panels of Figs. 5A and 5B). The
AR’s of 30 cerebral PSD proteins in the NDT1-, NDT2-, and
NDT3-isolated samples, designated as AR1, AR2, and AR3,
are shown in Table I. Because of the low abundance of
�-actinin, gelsolin, cortactin, cDHC, MAP2, homer 1, and NR1
in cerebellar PSD, the AR values of 23 cerebellar PSD proteins
in NDT-isolated samples were calculated (Table II). These AR
values were then used to calculate parameters relating to the
localizations of various proteins in cerebral and cerebellar
PSDs by the equations described below.

Calculation of Localization Parameters of PSD Proteins—
The PSD was assumed to be a disk-shaped object consisting
of spherical proteins of �50 kDa in size, the average size of
PSD proteins (60). The diameters of cerebral and cerebellar
PSDs (265.3 and 248.2 nm, respectively) are much smaller
than that of the NDT bead (�80 �m in diameter). In solution,
the PSD would collide with a NDT bead in all orientations,
thereby forming contacts between the bead surface and var-
ious positions of the PSD’s surface, including the cytoplasm-
and exoplasm-facing surface and exposed lateral side. The
differences between the depths to which the azido groups on
different parts of a bead could penetrate in the PSD, because
of the curvature of bead surface, was calculated from the
interaction between the NDT and largest surface, the exo-
plasm- or cytoplasm-facing surface of cerebral PSD, of a PSD
was calculated and found to be negligible (Fig. 3C). On the

Left panel: The protein compositions of cerebral homogenate (lane 1), cerebral PSD (lane 2), cerebellar homogenate (lane 3), and cerebellar
PSD (lane 4) by SDS-PAGE and silver-staining. Molecular weights markers are shown to the left. Right panel: Western blotting analyses of
cerebral homogenate (lane 1), cerebral PSD (lane 2), cerebellar homogenate (lane 3), and cerebellar PSD (lane 4) with the antibodies to various
proteins. The first and second rows of numbers under the immunostained bands are respectively the means and standard deviations of the
relative intensities of these bands from 3 to 6 independent experiments with the intensities of the bands of cerebral homogenate being set as
1. Proteins with the contents in cerebral and cerebellar PSDs being statistically different (p � 0.05, Student t test) are indicated by asterisks.
Samples containing 8 �g protein are subject to these analyses. C, Interactions between free peptidyl-SAED with cerebral PSD. Synthetic
10-mer peptidyl-SAED (left panel) and 20-mer peptidyl-SAED (right panel) were incubated with cerebral PSD. After UV irradiation, the samples
were subject to SDS-PAGE analysis using 8.5% polyacrylamide gels. The resultant gels were first examined over a UV illuminator (lanes F) and
then stained by Coomassie blue (lanes C). The fluorescence intensities of the various bands found in the fluorographs exhibit a linear
relationship with their intensities in the Coomassie-blue-stained gels (right panels) with a correlation coefficient of 0.96 and 0.95, respectively.
D, SDS-PAGE analysis of the original PSD sample (lanes 1) and the samples isolated from cerebral PSD (left panel) and from cerebellar PSD
(right panel) by using NDT1, NDT2, and NDT3 (lanes 2, lanes 3, and lanes 4, respectively) with 8.5% polyacrylamide gels and visualized by silver
staining. Figures to the right of the lanes of different samples in silver-stained gels are the densitometric scans of the silver-stained lanes.
Molecular weight markers are shown to the left.
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basis of the above analyses over the interaction modes be-
tween NDT and FPC (Fig. 3E), it was further assumed that
when a NDT reagent encountered a PSD, most of the NDT
beads would have the azido groups on their surface reach to
a region of the PSD at a depth similar to this reagent’s spacer
length.

The AR values of a protein a could be described by the
following equation

	AR
a,i � 	na,i /vi
�	Na /vT) (Eq. 1)

where (AR)a,i was the AR of protein a in the sample isolated by
using NDTi reagent, na,i was the number of protein a in the
NDTi-isolated sample, vi was the volume of the region reach-
able by the azido groups of the NDTi reagent, Na was the total
number of protein a in the original PSD sample and vT was the
total PSD volume. Equation 1 could be re-arranged into:

	AR
a,i � 	na,i /Na
/	vi /vT) (Eq. 2)

where the v1/vT, v2/vT, and v3/vT values were the proportions
of the volumes between the surface and 3.69 nm deep, be-
tween 3.69 nm and 7.30 nm and between 7.30 and 10.99 nm
deep, from all sides of PSD structure, of the total volume of

the PSD, respectively. Assuming that the structure of cerebral
PSD was a circular disk of 265.3 nm in diameter and 41 nm in
thickness, the v1/vT, v2/vT, and v3/vT values of cerebral PSD
proteins were calculated to be 0.22, 0.20, and 0.18, respec-
tively. Assuming that the structure of cerebellar PSD was also
a circular disk of 248.2 nm in diameter and 33 nm in thickness,
the v1/vT, v2/vT, and v3/vT values of cerebellar PSD proteins
were calculated to be 0.27, 0.24, and 0.22, respectively. Fi-
nally, the Ia/Na value, the proportion of protein a residing in the
region of the PSD that was unreachable by any of the three
NDT reagents could be calculated as:

	Ia/Na
 � 1 � 	na,1/Na
 � 	na,2/Na
 � 	na,3/Na
 (Eq. 3)

where Ia is the number of protein a residing in the interiors of
the PSD unreachable by any of the three NDT reagents. By
using Equations 2 and 3 and the AR values obtained from
Western blotting analyses (Figs. 5A and 5B), the na,i/Na and
(Ia/Na)values of a total of 30 proteins in cerebral PSDs and
those of 23 proteins in cerebellar PSD were calculated (Tables
I and II).

According to the ARi, ni/N and I/N values, the proteins in
cerebral and cerebellar PSDs subject to study here could be

FIG. 5. Western blotting analyses of the samples isolated from cerebral PSD (A) and cerebellar PSD (B) by using NDT reagents. Equal
amounts (0.8 �g of protein in cerebral PSD experiments and 0.5 �g of protein in cerebellar PSD experiments) of the original PSD and NDT1-,
NDT2-, and NDT3-isolated samples, labeled by 1, 2, 3, and 4, respectively, were subject to Western blotting analysis using antibodies against
various indicated PSD proteins (top of each panel). The intensities of the immunostained bands were quantified from the densitometric scans
of the resultant blots. The abundance ratios (ARs) are the ratios of the intensities of the immunostained bands in the NDT1-, NDT2-, and
NDT3-isolated samples to those of their counterparts in the PSD sample with the latter’s intensities being set to 1 (bottom of each panel). Data
are presented as mean � S.D. from at least three independent experiments.

Protein Organization of the PSD

Molecular & Cellular Proteomics 10.10 10.1074/mcp.M110.007138–11



grouped into two categories: central and peripheral proteins
(Figs. 5A and 5B; Tables I and II). Central proteins are those
residing primarily in regions deeper than 10.99 nm from the
surface of the PSD (with an arbitrarily chosen I/N threshold
value of 75%, except for HSC70 with an I/N value of 68.61 in
cerebellar PSD), and this latter region is called henceforth as
the central region. Peripheral proteins are those residing pri-
marily in regions within 10.99 nm from the surface of the PSD,
and these regions are called henceforth as the peripheral
regions. According to the distribution pattern, peripheral
proteins are further divided into two groups: superficially
enriched and evenly distributed peripheral proteins. Super-
ficially enriched peripheral proteins are those proteins with
their protein masses being concentrated in a superficial
layer of �3.69 nm thick of the PSD. NR2A/2B and JNK3
were also classified to this category because of their protein
masses residing predominantly in the outmost layer of
�3.69 nm in thickness and in regions deeper than 10.99 nm
from the surface and rarely residing in between. Evenly
distributed peripheral proteins are those with at least 50%
of their masses residing in peripheral regions (except for
cortactin with only 49.49% of it residing in this region of

cerebral PSD), and a significant amount of each peripheral
protein could be found in the three regions between the
surface and 3.69 nm deep, between 3.69 and 7.30 nm deep,
and between 7.30 and 10.99 nm deep.

Studying Protein-Protein Interactions in the PSD by Immu-
noabsorption—The interactions between different constituent
proteins in cerebral and cerebellar PSDs were further studied
by immunoabsorption. The large PSD structure was first re-
duced to smaller protein aggregates, yet leaving some local
protein-protein interactions intact, by a procedure similar to
that reported earlier (54). The resultant sample, designated as
uuPSD, was subject to sucrose-density-gradient centrifuga-
tion and SDS-PAGE analyses (Fig. 6A). The absence of clear
protein bands in regions where the original PSD would appear

in the gradient indicated that the organized structure of the
original PSD was disrupted nearly completely in the uuPSD
sample. The results also indicated that nearly all proteins in
the uuPSD migrated in sucrose gradients as individual pro-
teins or aggregates with sizes smaller than 440 kDa and were
found in fractions near the top of the gradients (left panels of
Fig. 6A). The uuPSD sample was then subject to immunoab-

TABLE I
Localization parameters of various proteins in cerebral PSD. AR, abundance ratio; n1/N, the proportion of a protein in the region between the
surface and 3.69 nm deep; n2/N, the proportion of a protein in the region between 3.69 and 7.30 nm deep; n3/N, the proportion of a protein

in the region between 7.30 and 10.99 nm deep; I/N, the proportion of a protein in the region deeper than 10.99 nm from the surface

Protein AR1 AR2 AR3 n1/N (%) n2/N (%) n3/N (%) I/N (%)

Peripheral Proteins Evenly-distributed Proteins Actin 2.25 2.33 2.18 50.54 46.56 40.24 0.00a

CaMKII� 1.07 1.05 1.05 24.01 21.05 19.42 35.52
CaMKII� 1.03 1.03 1.00 23.15 20.58 18.46 37.81
EF1� 1.00 1.14 1.06 22.48 22.87 19.55 35.09
�-actinin 1.60 2.81 1.97 35.91 56.27 36.33 0.00a

Gelsolin 1.42 1.18 1.43 31.95 23.61 26.38 18.05
Cortactin 0.81 0.92 0.70 18.31 18.31 12.87 50.51

Superficially-enriched Proteins GluR1 3.14 0.35 0.38 70.57 7.07 7.02 15.34
GluR2 2.73 0.62 0.58 61.32 12.33 10.63 15.73
GluR6/7 2.34 0.24 0.56 52.64 4.74 10.30 32.33
NR2A/2B 1.36 0.09 0.14 30.54 1.89 2.58 64.99
NR2C 2.56 0.04 0.12 57.60 0.83 2.15 39.42
SAP102 2.57 0.35 0.17 57.81 6.96 3.22 32.01
Erk2 2.45 0.43 0.32 55.18 8.61 5.86 30.35
NR1 3.08 0.12 0.18 69.26 2.36 3.29 25.10
JNK3 1.15 0.60 0.30 25.88 12.02 5.59 56.51

Central Proteins PSD-95 0.15 0.08 0.05 3.28 1.67 1.00 94.05
�-tubulin 0.10 0.11 0.06 2.36 2.27 1.16 94.20
�-tubulin 0.19 0.15 0.06 4.37 2.94 1.08 91.61
�III-tubulin 0.07 0.06 0.05 1.64 1.13 0.88 96.35
Protein 4.1 0.30 0.07 0.05 6.81 1.41 1.00 90.78
Ankyrin 0.25 0.08 0.06 5.59 1.51 1.07 91.84
Spectrin 0.20 0.04 0.04 4.49 0.86 0.79 93.86
Tropomyosin 0.18 0.17 0.21 4.09 3.46 3.80 88.65
NNOS 0.54 0.09 0.04 12.07 1.78 0.75 85.40
Kalirin 0.08 0.11 0.05 1.91 2.19 0.92 94.98
HSC70 0.04 0.03 0.05 0.90 0.56 0.90 97.64
Homer 1 0.12 0.06 0.01 2.60 1.25 0.18 95.98
MAP2 0.08 0.11 0.15 1.91 2.25 2.71 93.13
cDHC 0.09 0.09 0.05 2.05 1.71 0.88 95.36

a Negative I/N values.

Protein Organization of the PSD

10.1074/mcp.M110.007138–12 Molecular & Cellular Proteomics 10.10



sorption by using protein G-magnetic beads containing co-
valently linked antibodies to CaMKII�, EF1�, PSD-95, and
�-tubulin. It has been reported that CaMKII� and �-tubulin are
abundant in the PSD (61) and that PSD-95 is a major scaffold
protein of the PSD (62). EF1�, a moonlighting protein pro-
posed to regulate the actin and microtubule cytoskeleton (63,
64), is also a prominent component in the PSD (19, 22, 65).
Immunoabsorption of the uuPSD was also performed by us-
ing free protein G-magnetic beads or the same beads cova-
lently linked with anti-DIG Fab fragments or mouse anti-idio-
typic antibody as control experiments. After washing
extensively, proteins bound to the magnetic beads were
eluted by a high-pH buffer solution. SDS-PAGE analysis (Fig.
6B) indicated that each of these high-pH-eluates contained a
major protein band with the size corresponding to that of the
antigen of the particular antibody used (indicated by arrows).
Many minor proteins were co-immunoabsorbed with these
antigens. On the other hand, the high-pH-eluates of the con-
trol experiments only exhibited few very faint protein bands
(Fig. 6B).

To identify proteins co-immunoabsorbed with the above-
mentioned four antigens, the high-pH-eluates were subject to
Western blotting with the antibodies to 29 PSD proteins (Fig.
7). The results indicated that the major proteins found in the
high-pH-eluates (as indicated by arrows in Fig. 6B) were
recognized by the antibodies used in the respective immuno-
absorption experiments (as indicated by stars in Fig. 7). On

the other hand, the blots of the high-pH-eluates of the control
experiments did not show any immunostained bands when
antibodies to these PSD proteins were used. The results
further indicated that 14, 11, 5, and 3 of cerebral PSD proteins
were co-immunoabsorbed with PSD-95, �-tubulin, CaMKII�,
and EF-1�, respectively (Fig. 7A) and that 10, 19, 3, and 1 of
cerebellar PSD proteins were co-immunoabsorbed with PSD-
95, �-tubulin, CaMKII�, and EF-1�, respectively (Fig. 7B).
Sucrose-density-gradient (0–30%) centrifugation analysis
(right panels of Fig. 6A) indicated that the antigens in the
high-pH-eluates of the three immunoabsorption experiments,
where antibodies to PSD-95, �-tubulin, and CaMKII� were
used, migrated in the gradients as individual proteins or as
components of protein aggregates with sizes smaller than 440
kDa. This result indicated that the proteins co-immunoab-
sorbed with these antigens might bind directly or be linked to
these antigens indirectly via other proteins.

DISCUSSION

Here, the samples isolated from cerebral and cerebellar
PSDs by using different NDT reagents were subject to quan-
titative Western blotting analyses. From these results, param-
eters pertaining the depth distribution of a protein in these
PSDs, namely (na,i/Na) and (Ia/Na) values, were evaluated. On
the basis of the localization information derived from the
resultant parameters, these proteins are divided into two cat-
egories: central and peripheral proteins (Fig. 5; Tables I and II).

TABLE II
Localization parameters of various proteins in cerebellar PSD. AR, abundance ratio; n1/N, the proportion of a protein in the region between the
surface and 3.69 nm deep; n2/N, the proportion of a protein in the region between 3.69 and 7.30 nm deep; n3/N, the proportion of a protein

in the region between 7.30 and 10.99 nm deep; I/N, the proportion of a protein in the region deeper than 10.99 nm from the surface

Protein AR1 AR2 AR3 n1/N (%) n2/N (%) n3/N (%) I/N (%)

Peripheral proteins Evenly distributed Proteins Actin 1.78 1.76 1.88 47.89 41.70 40.60 0.00a

CaMKII� 1.21 0.83 0.55 32.55 19.67 11.88 35.90
CaMKII� 1.03 0.95 0.86 27.71 22.51 18.57 31.21
EF1� 1.26 0.90 0.90 33.90 21.33 19.44 25.34

Superficially enriched Proteins GluR1 2.34 0.08 0.08 62.96 1.90 1.73 33.42
GluR2 2.02 0.36 0.25 54.35 8.53 5.40 31.72
GluR6/7 1.81 0.19 0.05 48.70 4.50 1.08 45.72
NR2A/2B 1.51 0.18 0.05 40.63 4.27 1.08 54.03
NR2C 2.10 0.09 0.26 56.50 2.13 5.61 35.75
SAP102 1.58 0.18 0.07 42.51 4.27 1.51 51.71
Erk2 1.73 0.99 0.58 46.55 23.46 12.53 17.47
JNK3 1.24 0.36 0.20 33.36 8.53 4.32 53.79

Central proteins PSD-95 0.20 0.25 0.22 5.38 5.92 4.75 83.94
�-tubulin 0.07 0.08 0.07 1.88 1.90 1.51 94.71
�-tubulin 0.19 0.24 0.21 5.11 5.69 4.54 84.67
�III-tubulin 0.18 0.15 0.12 4.84 3.55 2.59 89.01
Protein 4.1 0.11 0.13 0.13 2.96 3.08 2.81 91.15
Ankyrin 0.62 0.11 0.06 16.68 2.61 1.30 79.42
Spectrin 0.22 0.21 0.12 5.92 4.98 2.59 86.51
Tropomyosin 0.08 0.04 0.07 2.15 0.95 1.51 95.39
nNOS 0.30 0.32 0.22 8.07 7.58 4.75 79.60
Kalirin 0.18 0.41 0.43 4.84 9.71 9.29 76.16
HSC70 0.60 0.27 0.41 16.14 6.40 8.85 68.61

a Negative I/N values.
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FIG. 6. Immunoabsorption of PSD proteins. A, Sucrose-density-gradient centrifugation analysis of the uuPSD and original PSD samples
isolated from cerebral cortex. Top left panel: SDS-PAGE analysis of the fractions collected from the 0–70% gradient of uuPSD (0.2 mg protein)
as visualized by silver staining. The molecular weight markers are shown to the left. Bottom left panel: Protein contents of the fractions collected
from the gradients of the uuPSD (f) and PSD (Œ) samples. The protein content of each fraction is expressed as the percentage proportion of
the fraction’s integrated protein intensity against the sum of the integrated intensities of all collected fractions as calculated from the
densitometric scan of the gel after silver staining. The positions of two standards, ferritin (440 kDa) and aldolase (158 kDa) are indicated by
arrows. Top right panel: The high-pH-eluates collected from immunoabsorption experiments using the antibodies against PSD-95, CaMKII�
and �-tubulin were subject to sucrose-density-gradient centrifugation analysis, and the collected fractions were subject to Western blotting
analysis by using antibodies against PSD-95, CaMKII� and �-tubulin. Bottom right panel: Quantification of the intensities of the inmmuno-
stained bands found in the top panel. The intensity of an immunostained band in a fraction is expressed as the proportion of its intensity against
the sum of the intensities of all fractions. The positions of ferritin (440 kDa), catalase (250 kDa), and bovine serum albumin (66 kDa) are indicated
by arrows. B, SDS-PAGE analyses of the fractions collected in immunoabsorption experiments. Left panel: Aliquots of 38 �l were removed from
the indicated fractions of the immunoabsorption experiments conducted with cerebral PSD wherein no antibody (control) or the anti-�-tubulin
antibody was used for SDS-PAGE analyses. Molecular weight markers are shown to the left. Middle and right panels: Aliquots of 38 �l were
removed from the high-pH-eluates obtained from the immunoabsorption experiments of cerebral (CB) and cerebellar (CBL) PSDs, respectively,
using mouse idiotypic monoclonal antibody (IgG) and antibodies against DIG, EF1�, CaMKII�, and PSD-95 and subject to SDS-PAGE analysis.
Arrows indicate the major protein bands found in the high-pH-eluates, which are of the same sizes as the antigens of the antibodies used in
the immunoabsorption experiments. The results are from a representative experiment out of a total of 3 to 6 experiments.
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Central proteins reside primarily in the region deeper than
10.99 nm from the surface of the PSD. In 30 cerebral and 23
cerebellar PSD proteins subject to this analysis, 14 and 11
proteins, respectively, belong to this category. Central pro-
teins found in both cerebral and cerebellar PSDs include (a)
the building blocks of microtubules, �-and �-tubulin, (b)
protein constituents of the membrane cytoskeleton underly-
ing the plasma membrane of mammalian erythrocytes, includ-
ing spectrin, tropomyosin, ankyrin, and protein 4.1, (c) PSD95,
a scaffold protein, and (d) other proteins including a noncon-
stitutive heat shock protein, HSC70, and two proteins that are
known to interact with PSD-95, kalirin and nNOS. Kalirin has
been reported to involve in the maintenance of the structure of
dendritic spines (66), and nNOS is an intracellular signaling
molecule (67). In the cerebral PSD, two microtubule-associ-
ated proteins, cDHC and MAP2, and another scaffold protein,

homer 1, were also found to reside mainly in the central
region.

Peripheral proteins reside primarily in the regions within
10.99 nm deep from the surface of the PSD. According to the
distribution pattern in the peripheral region, these proteins are
further divided into evenly distributed and superficially en-
riched peripheral proteins. The evenly distributed peripheral
proteins in cerebral PSD include cortactin, gelsolin, EF1�,
CaMKII�, CaMKII�, actin, and �-actinin, and the evenly dis-
tributed peripheral proteins in cerebellar PSD include EF1�,
CaMKII�, CaMKII�, and actin. Actin is the building block of
microfilament, and the remainder of these proteins has been
reported to bind directly or indirectly to actin microfilament. In
cerebral PSD, cortactin, EF1�, CaMKII�, and CaMKII� also
reside partly in the central region because their relatively high
I/N values, 35.09–50.51%. Similarly, EF1�, CaMKII�, and
CaMKII� reside partly in the central region of cerebellar PSD.
That the sums of ni/N values of actin and �-actinin in cerebral
PSD and that the sum of ni/N values of actin in cerebellar PSD
are larger than 1 indicate the enrichment of these proteins in
the peripheral region. That the sums of the ni/N values of
these proteins are larger than 1 is most likely because of the
overestimation of these ni/N values by assuming that all azido
groups of NDT2 and NDT3 penetrate into the PSD to depths
similar to their spacers’ lengths. In fact, only about 76% of
these NDT beads could do that according to our study by
using FPC as a model (Fig. 3).

Superficially enriched peripheral proteins are found primar-
ily in a narrow strip of 3.69 nm thick on the surface of the PSD.
In both cerebral and cerebellar PSDs, this group includes the
NR2C and NR2A/2B subunits of NMDA receptor, the GluR1
and GluR2 subunits of AMPA receptor, the GluR6/7 subunits
of kainate receptor, and three cytosolic proteins, Erk2, JNK3,
and SAP102. In cerebral PSD, this group also includes the
NR1 subunit of NMDA receptor.

The ni/N and I/N value of a protein are basically the prob-
abilities of finding it in different depth regions of the PSD. For
large proteins like glutamate receptors, which are tetrameric
protein assemblies with extracellular domains measuring �14
nm in length, �15 nm in width, and �9 nm in thickness
(68–71), their ni/N and I/N values are also likely to be related
to the distribution of their protein masses at different depth
regions in the PSD. The n1/N and I/N values of various gluta-
mate receptor subunits are much larger than the n2/N and
n3/N values, suggesting that the protein mass of glutamate
receptors resides predominantly in the outmost layer of �3.69
nm in thickness and in regions deeper than 10.99 nm from the
surface and rarely in between. In both cerebral and cerebellar
PSDs, the I/N values of NR2A/2B and NR2C are larger than
those of NR1, GluR1, GluR2, and GluR6/7. The differences in
I/N values seem to reflect the differences in the size of these
receptors’ cytosolic domains. The cytosolic domains of
NR2A/2B and NR2C account for 45–47 and 36% of their
protein masses, respectively (72), whereas the cytosolic do-

FIG. 7. Western blotting analyses of proteins co-immunoab-
sorbed with EF1�, CaMKII�, �-tubulin and PSD-95 in cerebral
PSD (A) and cerebellar PSD (B). The uuPSD (10 �g protein) and the
high-pH-eluates obtained in the immunoabsorption experiments us-
ing no antibody (control) or the antibodies against EF1�, CaMKII�,
�-tubulin and PSD-95 (1/8 of the collected samples) were subject to
Western blotting analysis by using antibodies against 29 PSD pro-
teins. The gels shown are from a representative experiment out of at
least three independent experiments. Asterisks indicate the immuno-
stained bands that colocalize with the major proteins found in the
high-pH-eluates of immunoabsorption experiments (as indicated by
arrows in Fig. 6B) by using the same antibodies. Proteins associated
to the above antigens are indicated by the brackets at the bottom.
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mains of NR1, GluR1, GluR2, and GluR6/7 account for only
16%, 13%, 10%, and 12–13% of these subunits’ masses,
respectively (73, 74). PSD-95, a protein interacting with the C
termini of NR2 subunits from the cytosolic side and anchoring
NMDA receptors to the postsynaptic site (62, 75), is found to
reside exclusively in the central region. The results are con-
sistent with that the proteins of glutamate receptor subunits
span the peripheral region with their cytosolic domains resid-
ing in the central region.

The conventional definition of the PSD is “the accumulation
of dense material on the postsynaptic membrane’s cytosolic
face” (1). Quantitative immunogold electron microscopic
studies have indicated that glutamate receptor subunits NR2
and GluR1 reside in regions where PSD joins the postsynaptic
membrane, that PSD-95, nNOS, shank, CRIPT, and GKAP
reside in the middle of the PSD and that actin, Ena/VASP,
CaMKII�, and cortactin reside in the PSD half close to the
cytoplasm (39, 41). Earlier EM studies have indicated that
actin microfilaments may be part of the PSD structure (3, 16)
and that actin microfilaments are associated with the cytosol-
facing surface of the PSD (76, 77). These results indicate that
glutamate receptors and actin along with various microfila-
ment-associated proteins occupy respectively the peripheral
regions on the exoplasm- and cytoplasm-facing sides of the

PSD. On the basis of the above EM studies and the localiza-
tion information of various proteins in the PSD obtained in this
study, the localization of various proteins in cerebral and
cerebellar PSDs is shown as cell plots in Fig. 8. In these plots,
all glutamate receptor subunits are placed in the exoplasm-
facing peripheral region, and the remaining peripheral pro-
teins are placed in the cytoplasm-facing peripheral region of
the PSD. All of the central proteins listed in Tables I and II are
placed in the central region.

The results of immunoabsorption experiments have re-
vealed interactions between various proteins in cerebral and
cerebellar PSDs. A model (Fig. 9) is proposed here to show
these interactions with the participating proteins being placed
at their respective positions as indicated in Fig. 8, with all
glutamate receptors (in color orange) being placed in the
exoplasm-facing peripheral regions and the remainder of pe-
ripheral proteins in the cytoplasm-facing peripheral regions (in
color blue). All central proteins (in color yellow) are placed
randomly in the central region. In this model, �-tubulin and
PSD-95, both residing exclusively in the central region, inter-
act not only with other proteins in the same region, but also
interact with proteins residing in the peripheral regions. Inter-
estingly, �-tubulin was co-immunoabsorbed with PSD-95, but
PSD-95 was not co-immunoabsorbed with �-tubulin. This is

FIG. 8. Distribution of various proteins in cerebral PSD (A) and cerebellar PSD (B). The distribution of various proteins in cerebral and
cerebellar PSDs is shown in cell plots with the ni/N and I/N values, as indicated by a gray-colored gradient shown to the right, of a particular
protein (y axis) residing in different depth ranges in the PSD (x axis, with the edges on the exoplasmic and cytoplasmic sides being at 0 and
41 nm respectively in cerebral PSD and with the edges on the exoplasmic and cytoplasmic sides being at 0 and 33 nm respectively in cerebellar
PSD).
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likely because of the fact that the amount of �-tubulin mole-
cules, accounting for 8% of the PSD protein mass (18), greatly
exceeds the amount of PSD-95 molecules, which account for
only �0.8% of the protein mass of the PSD isolated from
brain tissues by a similar procedure (27). Conceivably, only a
small fraction of �-tubulin would bind to PSD-95, whereas the
majority of PSD-95 may be associated to �-tubulin. CaMKII�,
CaMKII�, EF1�, and cortactin are placed on the border be-
tween the central and cytoplasm-facing peripheral regions to
indicate that substantial proportions of these proteins are
found in both of these regions. CaMKII� and EF1� interact
mainly with other proteins also residing in these regions.
Numerous studies have already indicated that PSD-95 plays
important roles as a major scaffold protein in building the PSD
structure (62). CaMKII� may assemble into a tower-like struc-
ture in the PSD (39) and interact with other PSD proteins,
including NR2B, densin-180, and �-actinin, thereby contrib-
uting to the organization of the PSD structure (78). Some of
the proteins found to interact with �-tubulin, PSD-95, and
CaMKII� in this study have been implicated previously to play
important roles in organizing the PSD structure. For example,
ankyrin, protein 4.1, and tropomyosin interact with �-tubulin
(Fig. 7), and these three proteins are three major components
of the spectrin-based membrane cytoskeleton underlying the

cytoplasmic membrane of mammalian erythrocytes (79, 80).
Ankyrin and protein 4.1 have been proposed to take part in
the PSD structure organization by their interactions with spec-
trin, actin, neurofilaments, and AMPA receptors (81–83) (Fig.
9, indicated by broken lines). Homer 1, which is found to
interact with �-tubulin and PSD-95 in cerebral PSD here, has
been reported to interact with metabotropic glutamate recep-
tors and IP3 receptors (84) as well as shank, and the interac-
tion between homer and shank has been proposed to form a
polymeric network structure for the recruitment of other PSD
proteins (85). The protein-protein interactions as described in
Fig. 9 may work in concert with others, such as those found in
the proteomic studies of proteins associated to various glu-
tamate receptors, PSD-95 and ProSAP/shank proteins (35–
38, 86), during the process of PSD structure organization.
Recent quantitative analyses have consistently indicated that
the proteins that have been implicated earlier to participate in
the organization of PSD structures account for small fractions
of the mass of the PSD (27, 29, 87). For example, the two most
abundant ones of these proteins, CaMKII� and PSD-95, ac-
count for 3.6% and 0.8% of the protein mass of the PSD
isolated by conventional biochemical procedures, respec-
tively (27). It is thus proposed here that actin, tubulins, and
their associated proteins, which together account for more
than 25% of the PSD protein mass (18), may build several
interconnected frameworks within the PSD. Proteins like
CaMKII and scaffold proteins are recruited to these frame-
works, and in turn, these latter proteins bring in their various
binding partners and/or link the abovementioned frameworks
together, thereby forming the PSD structure as observed in
EM studies.

A comparison between the protein localizations and pro-
tein-protein interactions in cerebral and cerebellar PSDs indi-
cates a high similarity in their basic protein organization (Fig.
9). Differences, however, are also found between these PSDs.
First, there are noticeable differences in the abundances of
various proteins between cerebral and cerebellar PSDs.
These differences are evident in the silver-stained SDS-PAGE
gels and Western blotting analyses of these PSD samples
conducted here (Fig. 4). Consistently, differences in the abun-
dances of various proteins in cerebral (or forebrain) and cer-
ebellar PSDs have also been reported in earlier studies (17,
19). Second, some protein-protein interactions, such as those
linking PSD-95 to kalirin, CaMKII�, and homer 1, those linking
kalirin to CaMKII� and �-tubulin and that between CaMKII�
and EF1� (as indicated by red lines in Fig. 9) are only detected
in cerebral PSD, but not in cerebellar PSD. On the other hand,
the interactions between �-tubulin and various glutamate re-
ceptors, cortactin, gelsolin, and SAP102 and between tropo-
myosin and CaMKII� are found in cerebellar PSD, but not in
cerebral PSD (as indicated by green lines in Fig. 9). These
differences may, at least partly, account for the differences in
morphology between cerebral and cerebellar PSDs (17).

FIG. 9. A model of the protein organization of the PSD. The
proteins subject to study here are placed in the positions as in Fig. 8,
and interactions between different protein pairs are connected by
solid or broken lines of different colors. Symbols: solid lines, protein-
protein interactions identified in this study; broken lines, protein-
protein interactions reported earlier in the literature; black lines, pro-
tein-protein interactions identified in both cerebral and cerebellar
PSDs; red lines, protein-protein interactions identified in cerebral PSD
only; green lines, protein-protein interactions identified in cerebellar
PSD only; circles, proteins with localization identified in both cerebral
and cerebellar PSDs; hexagons, proteins with localization identified in
cerebral PSD only. The interactions between proteins could be direct
or indirect. Peripheral proteins facing the exoplasmic side and cyto-
plasmic side of the PSD are colored in orange and blue, respectively.
Central proteins are colored in yellow. EF1�, CaMKII�, CaMKII�, and
cortactin are placed on the border between the central and cyto-
plasm-facing peripheral regions to indicate that these proteins reside
in both regions.
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The presence of tubulins in the PSD in neurons has re-
mained controversial thus far. Reports have indicated that the
content of tubulin subunits in the PSD increases if the brain
tissues used for isolating PSD have been kept on ice for
longer periods (88), but decreases if the isolated PSD sample
is washed repeatedly with detergent-containing solutions (89).
EM studies have seldom revealed microtubule-like structures
in dendritic spines of neurons (90). These observations lead to
the supposition that the presence of tubulins in the isolated
PSD may be resulting from nonspecific association of tubulins
to the authentic PSD during the isolation process. However,
more recently, microtubules have been implicated to play
important roles in dendritic spine development (91). The pres-
ent results further indicate that tubulin subunits reside in the
central region of the PSD and interact with many other PSD
proteins. These latter findings are consistent with the notion
that tubulins may play important roles in the organization of
PSD structure.

It has been recently reported that certain PSD proteins,
including tubulins, CaMKII�, CaMKII�, MAP2, and cDHC,
would exit from dendritic spines of cultured rat hippocampal
neurons when these neurons are kept at low temperature for
a few minutes or treated with drugs either disrupting actin
cytoskeleton (87) or with drugs inducing calcium release from
internal stores (Cheng and Chang unpublished results). On the
other hand, the same treatments do not affect the localization
of PSD-95 or glutamate receptors in dendritic spines. Local
depolymerization of F-actin has been proposed to be neces-
sary for the translocation of CaMKII� into spines (92). It is thus
likely that the recruitment of various proteins to the PSD in
neurons is regulated not only by the protein-protein interac-
tions among PSD proteins, but that the mechanisms control-
ling the movement of various PSD proteins in and out of
dendritic spines also play important roles in regulating the
assembly of the PSD. The notion that PSD assembly is reg-
ulated by multiple mechanisms may account for the dynamic
nature of PSD structure and composition under in vivo con-
ditions. In the absence of such regulatory machinery, e.g.
under in vitro conditions after isolation, the PSD structure
would become very firmly built and difficult to be disrupted.
The mechanisms underlying in vivo PSD structure assembly
will require further investigation in the future.

The present study demonstrates the usefulness of a com-
bination of the NDT and immunoabsorption methods in inves-
tigating the protein organization of the PSD. By using the
three NDT reagents available presently, we have obtained
information concerning protein distribution in regions be-
tween the surface and �10 nm deep in the PSD. In the future,
by synthesizing new NDT reagents that contain longer linkers,
such as oligopeptides containing more than 30 amino acid
residues and other linear and hydrophilic chemicals, the inte-
riors of the PSD could be explored. By utilizing the various
quantitative mass-spectrometry-based strategies developed
recently (93–96), the relative contents of more PSD constitu-

ent proteins in the samples isolated from different NDT re-
agents could be calculated. These latter results would provide
us with new information about the localization of many more
proteins in the PSD. The methodologies described here also
offer a tool for studying the protein organization of other
supramolecules.
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